Major plasmalemma ion transporters in plants are voltage-gated. Such gating behavior can lead to sustained oscillations of membrane voltage, which allows long-term osmotic adjustment by switching between periods of net uptake and net release of salt. The aim of this study was to investigate the mechanisms behind the oscillatory behavior by means of a minimal model. According to general preconditions for sustained oscillations such a model must consist of two ion transporters with very different equilibrium voltage and one of them acting as positive feedback. Such a positive feedback can be detected as negative slope of the steady-state I-V curves. Discussing the stability properties of the main electrogenic ion transporters in plants we found that a membrane with a predominant pump and a predominant channel would be a realistic paradigm for a minimal system with inherent oscillatory characteristics. This two-variable model was examined by phase-plane analysis. Parameter ranges for sustained oscillations could be determined via bifurcation analysis. These parameter ranges include physiologically relevant parameter sets for pump/cation-channel and pump/anion-channel systems. Finally, membrane voltage oscillations in systems without sufficient positive self-coupling mechanisms of the electrogenic ion transporters are discussed.
Introduction
Oscillatory phenomena are frequent in the animate world [reviewed e.g. in Chance et al. (1973) , Othmer (1985) and Goldbeter (1996) ]. Particular interest is evoked by oscillations in membrane voltage, because they play an important role in many kinds of cellular functions. Most widely studied membrane voltage oscillations are those in neurons, cardiac tissue, muscle and secretory glands [reviews e.g. Berridge et al. (1979) , Jacklet (1989) , Larter (1990) ]. However, a considerable number of membrane voltage oscillations have also been reported in plant cells (Metlicka & Rybova, 1967; Nishizaki, 1968; Gradmann & Slaymann, 1975; Ogata & Kishimoto, 1976; Vucinic et al., 1978; Fisahn, et al., 1986 Fisahn, et al., , 1989 Vuletic et al., 1987; Thaler et al., 1987; Singh & Amin 1989; S piewla & Tokarska, 1990; Antkowiak, et al., 1992; Thiel & Gradmann, 1994; Gradmann & Boyd, 1995; Bauer et al., 1995) . They are shown to be involved in cellular regulation and signaling as well as in plant development and movements.
Recently, sustained oscillations from guard cells have been described by a nonlinear gating model (Gradmann et al., 1993) . In this model various ion transporters operate in parallel in the membrane, each one being characterized by its equilibrium voltage and its voltage-dependent transitions from an active state into one or another inactive state and back. The interactions of these transporters via the free-running voltage can result in oscillations of the membrane voltage, which allows long-term osmotic adjustment by switching between periods of net uptake and net release of salt. In addition, there might be a relation to oscillatory movements of stomata (Cowan, 1972) . Unfortunately, the model for the description of the oscillations in guard cells was too complex (five transporters, each with one active state and one or two inactive states) to elucidate the fundamental requirements for oscillations. In such a situation it is often helpful to look for a minimal model (Chay & Keizer, 1983; Rinzel, 1985; Goldbeter et al., 1990; Li et al., 1996) for discussing the phenomena of interest. But first we will summarize the basic model equations and discuss the general preconditions for oscillations.
Basic Model Equations
Ion transport through the plasmalemma is enabled by integral proteins. On a microscopic level such transport processes are determined by stochastic transitions between different states of the protein. These transitions can be described by a master equation (Goel & Richter-Dyn, 1974 ) dp
dp
where the different states are denoted by superscripts 1 . . . N and the probability of a state by p. The parameters l and m are transition probabilities towards the neighboring states with higher and lower integer, respectively. Because microscopic (singlechannel) currents and whole-cell currents are directly related the master equation can also be used at the macroscopic level. For most of the ion transporters a restriction to two main states, active (conducting) and inactive (non-conducting), is possible. In the following the active state is denoted by the superscript a and the inactive state by the superscript i. The kind of transporter is indicated by subscripts (e.g. subscript P for pump, subscript C for channel). For N = 2 we get (
F. 1. Steady-state I-V curves of the potassium inward rectifier (full line) and the chloride channel (dashed line). dp
The rate constants k a and k i (the macroscopic equivalents to the microscopic transition probabilities) are assumed to depend on the transmembrane voltage, V m , in the form of a symmetric Eyring barrier
where k denotes the value for the transition probability at zero voltage. The parameter d contains the portion of the membrane voltage which is effective, the charge number of the gating particle and a geometric factor for the shape of the energy barrier. The range of d was restricted to 21 due to the assumptions of unity ''gating-charges'' and symmetry of the energy barriers (Gradmann & Buschmann, 1996) . The sign of d determines the direction of activation of a transporter. If a positive-going membrane voltage activates a transporter, then in the model d a = 1 has to be chosen. Correspondingly, if a negative-going membrane voltage activates a transporter, d a = −1 is required. The conductance g of each transporter is the product of its maximum conductance and the probability for the active state
T 1 Parameter sets for oscillations of the pump/channel gating model With these conductances the current densities i and the membrane voltage V m can be calculated as
and
where E denotes the reversal voltage and the summation index j is running over all model transporters. As a result we get a system of nonlinear differential equations which are coupled by membrane voltage [eqns (5), (6) and (9)] and can be solved by numerical standard methods (e.g. Runge-Kutta method). A more detailed description of the general model is given elsewhere (Gradmann et al., 1993; Gradmann & Buschmann, 1996) .
General Preconditions for Sustained Oscillations
The term oscillation is used for structurally unstable oscillations (centres), forced oscillations, sustained oscillations, repetitive action potentials and other kinds of periodic phenomena. However, the mathematical background for these phenomena can be very different (structurally unstable oscillations: neutrally stable steady state without attractor, action potential: asymptotically stable steady state which is The domains were determined by varying the parameter of Table 1 independent of each other. For the establishment of oscillations the reversal voltage of the channel, EC , has to exceed a certain value in opposite direction to the fixed reversal voltage of the pump (EP = −400 mV) and the rate constant values, k , have to be inside a certain bounded domain.
itself attractor, sustained oscillator: unstable steady state with limit cycle as attractor). Here we will focus on the general preconditions of sustained oscillations.
A limit cycle oscillation is a special case of a dissipative structure. The most important conditions for structure development far from equilibrium were formulated by Glansdorff & Prigogine (1971): (1) openness of the system; (2) nonlinearity of the system equations; (3) a minimum distance from equilibrium; (4) cooperativity of the system elements.
The last condition demands an appropriate interaction of the system elements. In case of sustained oscillations this can be specified as the necessity for balanced positive and negative coupling mechanism (Higgins, 1967) . The most limiting criterion is in general the existence of a positive self-coupling (chemical sciences: autocatalysis, technical sciences: positive feedback), because in natural systems positive self-coupling mechanisms are less frequent than negative coupling mechanisms due to their inherent destabilizing effect on the overall system. Now the main plasmalemma ion transporters shall be investigated for their stability properties to determine which of them are most probable to be involved in a minimal oscillatory system.
Stability Properties of the Main Plasmalemma Ion Transporter
Current knowledge suggests that the basic equipment with electrogenic ion transporters of non-halophytic plant cells consists of a plasmalemma proton pump, a K + -inward rectifier, a K + -outward rectifier, a Cl − channel, and probably a (2H-Cl) + symporter (Thiel & Gradmann, 1994; Buschmann et al., 1996) . Characterization of plasmalemma ion transporters can be done by current-voltage relationships extracted from voltage clamp recordings. Such I-V curves are also suitable for determination of the stability properties. In Fig. 1 (full line) a typical I-V curve of a plant K + inward rectifying channel is shown. Assuming a balanced steady state the channel opens, if the membrane voltage becomes more negative than its reversal potential (E K = −100 mV), for instance by enhanced activity of the proton pump (E P = −400 mV). But the open channel shifts the membrane voltage back in direction to its reversal voltage [eqn (9)], which results in a depolarization. In this way the channel counteracts its further opening (negative self-coupling) and perturbations of the steady state are reduced. Qualitatively similar results can be obtained by the analysis of the I-V curves from the K + outward rectifying channel (Schroeder, 1988) , the (2H-Cl) + symporter (Beilby & Walker, 1981 ) and the plasmalemma proton pump (Blatt, 1987; Lohse & Hedrich, 1992) .
But there are ion transporters in plants which show a more complex behavior, e.g. the plant anion channel (Keller et al., 1989) . Here, the I-V curve shows a negative slope in the range from approximately −150 to 0 mV (Fig. 1, dashed the channel, which in turn results in a further depolarization (positive self-coupling) due to its positive reversal voltage (E C = 100 mV). In this way a dominating chloride channel can push away the membrane voltage from a steady state. This ability establishes its importance for plant action potentials (Beilby, 1982; Mummert & Gradmann, 1991; Hedrich & Becker, 1994) and voltage oscillations (see discussion). There are plant cells where the ion pump and the K + channels can also exhibit kinetics with negative slope conductance (Bertl & Gradmann, 1987; Gradmann, 1989) .
Minimal Model: Synthesis and Results
According to the thermodynamic and stability considerations above a minimal model with oscillatory behavior should consist of two ion transporters, one of them with positive self-coupling and the other with negative self-coupling. In addition, one of the transporters has to be an active element (ion pump) in order to compensate for dissipated energy. We will consider a model consisting of an ion pump with positive self-coupling and a passive ion transporter with negative self-coupling, because for most plant cells the only passive transporter with significant positive self-coupling is the anion channel and there is little experimental evidence for objects with predominating anion channels.
In a next step, values for the model parameters have to be chosen. The reversal voltage of the proton pump is estimated as E P = −400 mV (Gradmann et al., 1993) , whereas the reversal voltages for passive ion transporters can vary between E C = −200 mV (cation channel) and E C = 100 mV (anion channel). The necessary interaction of the transporters requires that they are activated in the same range of membrane voltage (d eqn (4) is reduced to a linear ordinary differential equation which can be solved analytically
where p 0 and p 1 are steady state open probabilities at the voltages V 0 and V 1 , respectively. In this way the rate constants can be estimated from activation or deactivation curves. For different types of channels these parameter values differ by several orders of magnitude (very fast: 10 3 s −1 , very slow: 10 −3 s −1 ). So they were varied in this range in order to determine parameter values which ensure cooperative interactions of the transporters.
In Table 1 four parameter sets for the minimal model are shown. All of them establish sustained oscillations of membrane voltage and currents. The time courses of membrane voltage and open probabilities, the vector field and the limit cycle corresponding to parameter set S3 are shown as an example in Fig. 2(a-d) . The system behavior with the other parameter sets (S1, S2 and S4) is qualitatively the same.
Next we were interested in parameter domains for oscillations. In the case of models with simple structure, parameter domains for oscillations can be Other parameters as in Table 1 , parameter set S3. Positive-going EC increases the distance from equilibrium (EP = −400 mV fixed). If the distance exceeds a certain value, the positive self-coupling of the pump aPP becomes more dominant than the negative self-coupling of the channel aCC and sustained oscillations occur. See also Fig. 3 . determined analytically. More complex models require other methods, for instance application of the Poincare´-Bendixson theory. This theory prescribes the existence of a limit circle if the flow in the phase plane of a two-dimensional vector field is trapped in a bounded region that contains a single repelling steady state. In our case, a bounded region of the phase plane exists a priori because of the definition of the system variables as probabilities (0 E p a E 1). Therefore, oscillations can be expected if there is one single steady state, the eigenvalues of which both have positive real parts. To obtain parameter domains for oscillations, the Poincare´-Bendixson theory can be connected with bifurcation theory. In our pump/ channel model oscillations originate in most cases from Hopf bifurcations. This type of bifurcation occurs, when a pair of conjugate complex eigenvalues a 2 vi of the Jacobian matrix crosses the imaginary axis with non-zero speed due to the variation of a control parameter, As a result the parameter-dependent steady state undergoes a transition from a stable to an unstable focus and a limit cycle is predicted. For the minimal model a survey of bifurcation points is given in Table 2 .
It turns out that for the establishment of oscillations E C has to exceed a certain value in opposite direction to E P (Fig. 3) and the k values have to lie inside a certain bounded domain (Fig. 4) . Increasing the distance between E P and E C shifts the intersection point of the null clines in the phase plane downwards (not shown). Positive self coupling of the pump is becoming more dominant (Table 3 ) and a transition to sustained oscillations through a Hopf bifurcation occurs. After the amplitude of the oscillations has reached a maximum amplitude, a further increase of E C results in an increasing frequency and a decreasing amplitude. The influence of the k values on the system behavior can be illustrated by means of the vector fields. For k values between the bifurcation points (Table 2) the motion in the phase space takes place around the unstable steady state with an angle of about 45°[ Fig. 1c) ]. Decreasing k a C slows down the motion in direction of increasing P C [ Fig. 5(a) ], whereas increasing k a C speeds up this motion [ Fig. 5(b) ]. In both cases circling around the steady state is prevented, From a more formal point of view again the self coupling terms are found to be essential for the system behavior ( Table 4 ). The effect of changing other k values can be illustrated in a similar manner.
Discussion
There is an increasing number of reports showing life to be a periodic phenomenon. On a cellular level It may be interesting to resume how the general preconditions for sustained oscillations are ; other parameters were as in Fig. 6 of Gradmann & Buschmann (1996) . With these parameters the pump represents a negative feedback and thus membrane voltage and currents relax to a stable steady state (dashed line) without triggering by an additional periodic forcing. Guard cell model and minimal calcium model are connected by the calcium sensitivity of proton pump, K + inward rectifier and chloride channel. The (probably nonlinear) relations between cytosolic calcium concentration and conductances were approximated by g , b 1 = 2.5 SmM, K = 1 and t = 1.5 s. The conductance factor zCa mediates the delayed proportional change of the maximium conductances g max due to an elevated cytosolic calcium concentration cCa . F. 7. Irregular (non-chaotic) time series of membrane voltage due to the influence of cytosolic calcium oscillations on the minimal voltage model. The calcium oscillations were modeled according to Goldbeter et al. (1990) . For the minimal voltage model the parameter set S3, Table 1 (5) and (6)]. The distance from equilibrium of the system is determined by the difference between the reversal voltages of pump and channel. (equilibrium: =E P − E C = = 0, nonequilibrium: =E P − E C = q 0). Assuming a fixed reversal voltage of the ion pump, the reversal voltage of the channel has to exceed a certain value to establish sustained oscillations (Fig. 3) . Cooperative interactions of ion pump and channel can be established by appropriate d and k values (Fig. 4) . Next, we can ask for implications of the minimal model for more complex models. Other parameters as in Table 1 , parameter set S3. Only inside a certain domain of the k a C values the positive self-coupling of the pump aPP is more dominant than the negative self-coupling of the channel aCC and sustained oscillations can be obtained. See also Fig. 4. oscillations in guard cells the plasmalemma proton pump and the chloride channel (Gradmann et al., 1993) or the K + inward rectifier and the chloride channel (Dreyer & Hedrich, 1996) are proposed elements with positive self-coupling. But for the plasmalemma proton pump (Blatt, 1987) and the K + inward rectifier (Schroeder, 1988) current-voltage relationships have been reported which support a negative self-coupling effect of these transporters. Therefore, other explanations for experimentally observed oscillations may be taken into consideration. For instance, we could regard voltage oscillations as a kind of repetitive action potentials caused by oscillations of cytosolic calcium concentration. Such simultaneous changes of membrane voltage and cytosolic calcium concentration are well-known from animal and plant cells (Kuba & Takeshita, 1981; Verheugen & Vijverberg, 1995; Bauer et al., 1997; Despa, 1996) . For illustrating this possibility we combined the guard cell model (Gradmann et al., 1993) , where the ion pump with positive self-coupling was replaced by an ion pump with negative self-coupling, with a minimal model for cytosolic calcium oscillations based on Ca 2+ -induced Ca 2+ release (Goldbeter et al., 1990) . According to experimental data we assumed a decreased activity of the plasmalemma proton pump (Kinoshita et al., 1995) and of the K + inward rectifier (Schroeder & Hagiwara, 1989) and an increased activity of the chloride channel (Hedrich et al., 1990) as main effects of increasing Ca Fig. 6(a) ]. Calcium oscillations themselves may be even independent of the electrical properties of the plasmalemma but solely internal processes between the extreme disequilibrium of cytosolic free Ca 2+ and Ca 2+ of internal stores. So the observed voltage oscillations of the plasmalemma could be just secondary events. In case of the guard cells the kind of relation between cytosolic calcium and membrane voltage remains an open question, because the period of calcium oscillations (4-14 min, McAinsh et al., 1995) and voltage oscillations (approx. 8 s, Gradmann et al., 1993 ) was found to be quite different. In general, the coexistence of a calcium oscillator and a voltage oscillator may also be possible. Under these conditions the influence of the calcium oscillator on the electrogenic membrane transporters can create irregular behavior of membrane voltage (Fig. 7) . Likewise, real chaotic behavior should be possible via the quasi-periodicity route to chaos. But due to the lack of experimental data this scenario was not further elaborated.
In summary, oscillating membrane voltage can be an epiphenomenon of internal events (e.g. Ca 2+ entry through the plasmalemma and Ca 2+ -calmodulindependent Ca 2+ extrusion), or an interaction within the plasmalemma itself. Here, the latter possibility has been investigated in more detail.
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APPENDIX Steady States and Eigenvalues of the minimal model
The simplified gating model consists of an active transporter (pump) with open probability p a P and a passive transporter (channel) with open probability p a C dp a P /dt = f P (p The necessity of a positive self-coupling mechanism for sustained oscillations follows immediately from eqns (A.9-A.11).
